PATENT APPLICATION 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re application of 



Docket No: Q76134 



Catherine MARTINELLI, et al. 



Appln.No.: 10/624,510 



Group Art Unit: Not Assigned 



Confirmation No.: Not Assigned 



Examiner: Not Assigned 



Filed: My 23, 2003 



For: CASCADED RAMAN LASER 



REQUEST FOR OFFICIAL FILING RECEIPT 



MAIL STOP MISSING PARTS 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 



Sir: 



Applicants respectfully request an Official Filing Receipt for the above-identified 



application. The application was filed on July 23, 2003, and all formal requirements have been 
met. 



Respectfully submitted, 




SUGHRUE MION, PLLC 
Telephone: (202) 293-7060 
Facsimile: (202) 293-7860 

WASHINGTON OFFICE 

23373 

CUSTOMER NUMBER 




David J. Cushing 
Registration No. 28,703 



Date: March 16,2004 




J 



J 

■si 



IK . ■ 

life " 

fife" 



I* 



■'* -t 



f j.. 



*■ 

•4. 




•Si ' iff t !"•-'" 



r- 



PATENT APPLICATION 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re application of Docket No: Q76134 

Catherine MARTINELLI, et al. 

Appln.No.: 10/624,510 Group Art Unit: Not Assigned 

Confirmation No.: Not Assigned Examiner: Not Assigned 

Filed: July 23, 2003 
For: CASCADED RAMAN LASER 

SUBMISSION OF PRIORITY DOCUMENT 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

Submitted herewith is a certified copy of the priority document on which a claim to 
priority was made under 35 U.S.C. § 1 19. The Examiner is respectfully requested to 
acknowledge receipt of said priority document. 

Respectfully submitted, 



SUGHRUE MION, PLLC David 
Telephone: (202) 293-7060 Registration No. 28,703 

Facsimile: (202) 293-7860 

WASHINGTON OFFICE 

23373 

CUSTOMER NUMBER 

Enclosures: Europe 02360221 .2 
Date: March 16,2004 




J. Cushing 




Europaisches European Office p.. rnn » n 

Patentamt Patent Office ™ SrlvSi ■ 



nigung Certificate Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
ursprunglich eingereichten 
Fassung der auf dem nach- 
sten Blatt bezeichneten 
europaischen Patentanmel- 
dung uberein. 



The attached documents 
are exact copies of the 
European patent application 
described on the following 
page, as originally filed. 



Les documents fixes a 
cette attestation sont 
conformes a la version 
initialement deposee de 
la demande de brevet 
europeen specifiee a la 
page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n" 

02360221.2 



I^Auff5ag dent dGS Europ ^ iscnen Patentamts; 
For the President of the European Patent Office 
Le President de roffice europeen des brevets 




R C van Dijk 



DEN HAAG , DEN 

THE HAGUE, 13/08/03 

LA HAYE,LE 



EPA/EPO/OEB Form 1014 - 02.91 




szsr sara*. S»=- 



Blatt 2 der Bescheinigung 
Sheet 2 of the certificate 
Page 2 de lattestation 



Anmeldung Nr.: 
Application no.: 
Demande nV 

Anmelder 
Applicant(s): 
Demandeur(s): 
ALCATEL 

75008 Paris 

FRANCE 



02360221.2 



Anmeldetag: 

Date of filing: 24/07/02 
Date de depot: ' ' U * 



Bezeichnung der Erfindung: 
Title of the invention: 
Titre de I'invention: 

Cascaded raman laser 



in Anspnich genommene Prioriat(en) / Priority(ies) claimed / Phorite(s) revendiauee(s) 

Staat - Tag 

Date Aktenzeichen: 

Date. : * ,e no 

Numero de depot: 



State 
Pays 



Internationale Paten tklassifikat ion 
International Patent classification 
Classification internationale des brevets: 

H01S3/30 



Am Anmeldetag benannte Vert rag sta ate n 

ZESttSS^ttSF* AT/BG/BE/CH/CY/CZ / D E/DK/EE/ES/FI/FR/ G B/GR/, E /IT/LI/L U/M C/NL/ 

Bemerkungen: 

Remarks: 

Remarques: 



EPA/EPO/OEB Form 1012 - 1t.00 



W1TTE, WELLER& PARTNER 

Patentanwalte 

RotebuhlstraBe 12! • D-70178 Stuttgart 



Applicant; July 19, 2 002 

ALCATEL 1031P106EP VH/GS-ad 

54 Rue La Boetie 
F-75008 Paris 
France 



Cascaded Raman Laser 



The invention relates to a cascaded Raman laser comprising a 
pump radiation source emitting at a pump wavelength X of an in- 
put section and an output section made of an optical medium, 
each section comprising wavelength selectors for wavelengths 
X ir X 2 , A, n _ k , where n > 3 f X p < X t < X 2 < ... < X n _ ± < X n and 
^n-k+i / ^n-k+2f ' K being k > 1 emitting wavelengths of the la- 
ser , and an intracavity section that is made of a non-linear 
optical medium, has a zero-dispersion wavelength X 0 and is dis- 
posed between the input and the output section. 



Such lasers are generally known in the art, for example from 
US-A-5,323,404. 

Raman lasers typically comprise a pump source, usually a con- 
tinues wave (Of) laser, and a length of an non-linear optical 
medium, for example an optical fiber. Two reflectors having the 
same peak reflectivity are spaced apart on the optical fiber so 
as to form an optical laser cavity. The underlying physical 
prxnciple of such lasers is the effect of spontaneous Raman 
scattering. This is a non-linear optical process that only oc- 
curs at high optical intensities and involves coupling of light 
propagating through the non-linear medium to vibrational modes 
of the medium, and re-radiation of the light at a different 
wavelength. Re-radiated light upshifted in wavelength is com- 
monly referred to as a Stokes line, whereas light downshifted 
in wavelength is referred to as an Anti-Stokes line. Raman la- 
sers are typically used an a configuration in which pump light 
" u * shifted ^ wavelength. When a silica fiber is used as the 
non-linear medium, the strongest Raman scattering (maximum Ra- 
man gam) occurs at a frequency shift of about 13.2 THz, corre- 
sponding to a wavelength shift of about 50 - 100 nm for pump 
wavelengths between about 1 and 1.5 ^m. 

in Raman lasers that are configured as ring lasers, the non- 
. .. - ."^.optical fiber is closed, by a coupler or an optical cir- 
culator so that a fiber loop is obtained. The reflectors are 
then usually replaced by optical filters, for example Fabry- 
Perot-Filters, having a specified passband center wavelength 
The generic term "wavelength selectors" will henceforth be used 
for designating reflectors, filters or other means that are 
used to define optical resonators in Raman lasers. 



A "cascaded" Raman laser is a Raman laser that has, in addition 
to an optical cavity for radiation of an emission wavelength 
A, n , at least one further optical cavity for radiation of wave- 
length X, n-1 < X n , where n £ 2. In such cascaded Raman lasers ra- 
diation undergoes more than one Stokes transitions so that it 
is subsequently upshifted in wavelength. If radiation with more 
than one wavelength is coupled out of the laser, such a laser 
is referred to as a multi-wavelength Raman laser. 

Raman lasers are often used as pump lasers for Raman amplifiers 
at 1310 or 1550 nm, or as 1480 nm pump lasers for remotely 
pumped erbium fiber amplifiers in repeaterless optical fiber 
communication systems. Uses for other purposes at other wave- 
lengths are possible and contemplated. 

One of the key properties of cascaded Raman lasers is the con- 
version efficiency which is defined as the ratio between output 
power of the laser and optical pump power at the input side. 
Another key property is the threshold pump power that has to be 
exceeded for generating a substantial optical output power, 
i.e. an output power of at least some raw. With pump powers be- 
low the threshold, there is only an insignificant optical out- 
put power in the order of several jiW. 

A Raman laser having a low pump threshold is desirable in many 
respects. For example, it should allow to generate a low but 
stable output power. Although in many applications high output 
powers are an essential feature, there are other applications 
which require such low and stable output powers . 



An example for such an application is a Raman laser for second 
order pumping. In a typical configuration of such a second or- 
der pump laser, two low-power pump sources are boosted, pursu- 
ant to the first order pumping principle as explained above, by 
a single high-power source. The two low-power sources may then, 
for example, amplify a transmission signal. Such a configura- 
tion is considerably less expensive than current long-haul 
transmission systems which require the use of two high-power 
pump sources . 

In principle, such a configuration would require low-power pump 
sources emitting only a few mW. Currently, however, pump lasers 
with such low but stable output powers are not available for 
the required wavelength range. 

From a paper by J.-c. Bouteiller et al. entitled "Dual-order 
Raman pump providing improved noise figure and large gain band- 
with", FB3-1, OFC 2002 Postdeadline Paper, it is known to com- 
bine the high-power and the low-power sources in a single cas- 
caded Raman laser device. The stable low-power output is 
achieved by attenuating an originally stable and high-power la- 
ser line in a narrow long period grating. 

From US-A1-2002/0015219 a non-linear fiber amplifier is known 
that is particularly suited for the low-loss window at approxi- 
mately 1430 - 1530 nm. This broadband non-linear polarization 
amplifier combines cascaded Raman amplification with parametric 
amplification or four-wave mixing. One of the intermediate cas- 
cade Raman order wavelengths should lie in close proximity to 
the zero-dispersion wavelength X 0 of the amplifying fiber. For 
this intermediate Raman order, spectral broadening will occur 



due to phase-match with four-wave mixing or phase-matched 
parametric amplification. In further cascaded Raman orders , the 
gain spectrum continues to broaden due to the convolution of 
the gain spectrum with a spectrum from the previous Raman or- 
der. This document, however, does not relate to the issue of 
cascaded Raman lasers with low pump power threshold. 

It is, therefore, an object of the present invention to provide 
a cascaded Raman laser as mentioned at the outset that has a 
low pump power threshold. 

This object is achieved, with a laser as mentioned at the out- 
set, in that the wavelengths X lf X 2 , X n . k of the wavelength 
selectors and the zero-dispersion wavelength A, 0 of the intra- 
cavity section are chosen such that energy is transferred be- 
tween radiation of different wavelengths by multi-wave mixing. 

Since Raman scattering is now assisted by multi-wave mixing, 
energy is transferred from radiation with shorter wavelengths 
to radiation with longer wavelengths more efficiently. This 
boosting of Stokes transitions by multi-wave mixing allows to 
achieve a stable low-power output. The new cascaded Raman laser 
is therefore particularly suited as a low-power pump source in 
configurations with second order pumping as explained above, 
but of course not restricted to such use. 

The more efficient energy transfer between Stokes lines has 
also the advantage that the last Stokes line(s) corresponding 
to the emitting wavelength ( s ) of the laser appear (s), in a spa- 
tial sense, sooner in the propagation direction of the light. 



Thus, it is possible to reduce the length of the intracavity 
section, for example a Raman active fiber. 

The term multi-wave mixing is used herein as a generic term for 
the phenomena of four-wave mixing and degenerated four-wave 
mixing, the latter being often referred to as three-wave mix- 
ing. 

Each pair of wavelength selectors for a specific wavelength 
forms an optical cavity for radiation of a wavelength equal to 
this wavelength. The wavelength selectors may be realized as 
reflectors, for example Bragg gratings, having a specific cen- 
ter wavelength which is defined as the peak wavelength of the 
reflectivity band of the reflector. 

The input and the output sections are considered to be those 
sections of the Raman laser that contain the wavelength selec- 
tors. The intracavity section of the laser is a central section 
without selectors and is disposed between the input section and 
the output section. There is no constraint with respect to the 
optical mediums that form the input, the output and the intra- 
cavity section, as long as only the intracavity section is made 
of materials showing non-linear effects, particularly spontane- 
ous Raman scattering, when exposed to high optical intensities. 
The sections may be formed as different optical mediums and 
made of different materials, but it is also possible that the 
input, the output and the intracavity section is formed as a 
single continues waveguiding structure that is divided into 
different sections only conceptionally . 



The desired effect of energy transfer by multi-wave mixing re- 
quires that the zero-dispersion wavelength X 0 is chosen such 
that linear phase matching occurs. The applicable phase match- 
ing condition will depend on the Stokes transitions that shall 
be assisted by multi-wave mixing. However, this does not mean 
that the applicable phase matching condition will have to be 
fulfilled exactly. Deviations of the zero-dispersion wavelength 
A. 0 from the ideal value of +/- 10 nm will still allow multi- 
wave mixing to become sufficiently large. 

Multi-wave mixing does not necessarily has to involve any of 
the wavelengths that are to be coupled out of the laser. How- 
ever, it is particularly preferred if at least one of the emit- 
ting wavelengths of the laser is involved in multi-wave mixing. 
If only one wavelength is emitted by the laser, this means that 
additional energy is transferred to the emitted radiation by 
multi-wave mixing. 

i 

The wavelengths \ 19 X 2 , . X n . k of the wavelengths selectors 

may be chosen so that energy transfer by multi-wave mixing in- 
volves at least three adjacent wavelengths. This is particu- 
larly advantageous if only radiation of one wavelength shall be 
coupled out of the laser. 

In order to achieve four-wave mixing in this case, the center 
wavelength of the reflectors have to be chosen so that 



1/K = 



+ 1/A. i-2 ~ l/A-i-3 / 
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where i = 3, 4, n, and that the zero-dispersion wavelength 

X 0 of the intracavity section (18) substantially equals (X L _, + 

In order to achieve three-wave mixing in this case, the wave- 
lengths X lf X 2 , . .., X a . k of the wavelengths selectors have to be 
chosen so that 

1/K = - l/X L _ 2 , 

where i = 3, 4,..., n, and that the zero-dispersion wavelength 
X 0 of the intracavity section (18) substantially equals X^. 

However, it is not required that multi-wave mixing involves 
only adjacent Stokes lines. Particularly for lasers emitting 
radiation with more than one wavelength it is preferred if the 
wavelengths X lf X 2 , . .., of the wavelengths selectors are 

chosen so that energy transfer by multi-wave mixing involves at 
least three non-adjacent wavelengths. 

For example, if radiation of two different wavelengths shall be 
coupled out of the laser, four-wave mixing may be achieved if 
the wavelengths X lr X 2t X a _ 2 of the wavelengths selectors 

are chosen so that 



1/A-i = l/^ 2 + l/a-i-3 - 1/X L _. 



and 



i/Vi = 



1/X t _ 2 + l/A.^ - 1/X L _ 4 , 



« 
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w here i=5, 6, n, and that the zero-dispersion wavelength 

X 0 of the intracavity section (18) substantially equals (A, i-2 + 
Xi_ 3 )/2. 

The condition for three-wave mixing is in this case that the 
wavelengths A, lf X 2 , of the wavelengths selectors are 

chosen so that 

and 

where i = 5, 6, n, and that the zero-dispersion wavelength 

X 0 of the intracavity section (18) substantially equals A, ± _ 2 . 

It should be noted/ however, that multi-wave mixing can be 
achieved in various other ways that differ from the exemplary 
conditions given above. 

Due to the assistance of multi-wave mixing it is not necessary 
to provide optical cavities also for those emitted wavelengths 
that profit from multi-wave mixing in the sense that energy is 
transferred more efficiently to radiation of those wavelengths. 

However, in order to improve laser stability it is preferred 
that for each emitting wavelength an additional wavelength se- 
lector for wavelength X n _ k+1 , ^n* respectively, is 
provided in the input section and in the output section. 



The components of the new cascaded Raman laser have so far been 
referred to in general terms. For example, no restrictions are 
made as to whether the laser is realized in a linear or in a 
ring laser configuration. The input and the output sections as 
well as the intracavity section may be formed by any known 
waveguiding structure, for example a planar optical waveguide. 

It is, however, particularly preferred if the input and the 
output sections are optical fibers and the intracavity section 
is a Raman active optical fiber,, as is known in the art as 
such. 

The type of selector chosen will depend on the particular 
waveguiding structure that is used for the new laser. For opti- 
cal fibers, in principle any reflecting means having a high re- 
flectivity, for example a multilayer structure formed directly 
on a fiber end face, could be used. Particularly preferred re- 
flectors for optical fibers are in-line Bragg gratings. 

The above and other advantages and features of the present in- 
vention will become apparent from the following description of 
a preferred embodiment given in conjunction with the accompany- 
ing drawings, in which: 

shows, a schematic diagram of a cascaded Raman fiber 

laser according to the invention; 

Fig. 2 is a schematic representation of the Stokes lines of 

the laser shown in Fig. 1 in the wavelength domain, 
illustrating the energy transfer between adjacent 
lines; 
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Fig. 3a is a simplified energy level diagram illustrating 

the process of four-wave mixing in an optical fiber; 

Fig. 3b is a schematic diagram illustrating four-wave mixing 

in the wavelength domain; 

Fig- 4a is a simplified energy level diagram illustrating 

the process of three-wave mixing in an optical fiber 
in a representation similar to that of Fig- 3a; 

Fig. 4b is a schematic diagram illustrating three-wave mix- 
ing in the wavelength domain in a representation 
similar to that of Fig. 3b; 

Fig. 5 is a graph showing experimental results of the opti- 
cal power present at different wavelengths for in- 
creasing pump power P in in a conventional laser, il- 
lustrating the pump threshold for the excitation of 
different Stokes lines; 



Fig. 6 is a similar graph as in Fig. 5, but for a laser ac- 
cording to the present invention; 

Fig. 7 is a schematic representation of the Stokes lines in 

the frequency domain of another embodiment of a la- 
ser according to the invention, illustrating the en- 
ergy transfer between adjacent pairs of Stokes lines 
with assisting four-wave mixing; 

Fig. 8 is a schematic representation of the Stokes lines in 

the frequency domain of a still further embodiment 



of a laser according to the invention, illustrating 
the energy transfer between adjacent pairs of Stokes 
lines with assisting three-wave mixing. 

Fig. 1 schematically depicts an exemplary embodiment of a cas- 
caded Raman laser according to the invention being designated 
in its entirety by 10. Laser 10 comprises a pump source 12 
emitting radiation, of wavelength ^ . . Neodymium or ytterbium fi- 
ber lasers or another Raman laser may be used as pump source 
12. Furthermore, any other single-mode laser, both fiber and 
based on voluminous elements, including crystals, doped with 
metal ions, may be used as a pump source 12. 

Laser 10 further comprises an input section 14, an output sec- 
tion 16 and an intracavity section 18 that is disposed between 
input section 14 and output section 16. Intracavity section 18 
consists, in this embodiment, of a phosphosilicate Raman active 
fiber 20 displaying a strong non-linear response to high-power 
optical intensities. Raman active fibers that are particularly 
designed for this purpose are known in the art as such and 
will, therefore, not be described in more detail. 

Input section 14 comprises an input fiber 21 which is a normal 
low loss optical fiber. However, input fiber 21 can, in princi- 
ple, also be a Raman active fiber. In the embodiment shown, N = 
5 fiber Bragg gratings 141, 142, 145 are formed on input 

fiber 21. 



Output section 16 comprises an output fiber 23 that is of the 
same kind as input fiber 23. However, output fiber 23 can, i n 
principle, also be a Raman active fiber or be of a type dis- 
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tinct from input fiber 21. In the output section 16 an equal 
number of N = 5 optical fiber Bragg gratings 161, 162, ...,165 
are formed on output fiber 23. 

The input group of Bragg gratings 141, 142, 145 and the 

output group of Bragg gratings 161, 162, 165 are used as 

reflectors having reflectivity bands with center wavelengths 
X ir X 2 , X 5 , respectively. Each pair of Bragg gratings hav- 

ing a matching center wavelength X ± forms an optical resonator 
for wavelength X L that comprises at least a part of the length 
of the Raman active fiber 20 of the intracavity section 18. 

The cavity length may, for example, be in the range of a few 
hundred meters up to a few kilometers. Since the attenuation of 
Raman active fiber 20, input fiber 21 and output fiber 23 typi- 
cally depends on the wavelength, the optimum cavity length for 
given wavelengths will be different for different wavelengths. 
Since in-line fiber Bragg gratings can be essentially 100% 
transmissive at wavelengths outside of their reflection band, a 
flexible placement of all Bragg gratings is possible. For in- 
stance, the optical cavities may be sequential or overlapping 
to various degrees. In the embodiment shown in Fig. 1, it is 
assumed that A, x < X 2 < ... < X 5 . As can be seen in Fig. 1, the 
cavity lengths increase with growing center wavelengths. 

All of the above-mentioned Bragg gratings desirably have high 
reflectivity of preferably more than 98 % at their center wave- 
length. Only Bragg grating 165 in output section 16 has a low 
reflectivity (typically in the range between 5% and 15%) for 
radiation of wavelength X 5 . This is because wavelength X s is the 
emitting wavelength of laser 10 that shall, at least to a large 



degree, be coupled out of laser 10. Bragg grating 165 can also 
be replaced by a cleaved fiber end that provides sufficient re- 
fleet ivity . 



Laser 10 further comprises in its output section 16 an addi- 
tional unpaired high reflectivity Bragg grating 22 having a 
center wavelength A>. This unpaired Bragg grating 22 reflects 
pump light with wavelength-- V and- thus- provides for at least 
dual passage of the pump radiation along Raman active fiber 20 
and, thus, more effective use of pump radiation. 

Reference numerals 24 and 26 designate a first and a second 
welding point at which Raman active fiber 20 of the intracavity 
section 18 is connected to input fiber 21 and to output fiber 
23, respectively. However, as already mentioned above, all 
Bragg gratings may be included directly in Raman active fiber 
20 so that no welding points are necessary. Such a variant is 
preferable from the point of view of reducing losses of optical 
radiation in the resonators. 

Reference numeral 28 designates an output of laser 10 at which 
radiation with wavelength X a may be coupled into a long-haul 
communication fiber, for example. 

In the following the function of Raman laser 10 will be ex- 
plained in more detail. Raman lasers are, as already mentioned 
at the outset, based on an non-linear process that is referred 
to as spontaneous Raman scattering. Raman scattering results 
from the interaction of intense light with optical phonons in 
an optical medium, for example silica fibers. Raman scattering 
leads to a transfer of energy from one optical beam, for exam- 
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pie light emitted by pump source 12 having a wavelength ^p, to 
another optical beam, for example light of a wavelength X x * If 
X x > \ (i.e. wavelength upshift), this transfer is referred to 
as a Stokes transition. The other case with X x > X p (wavelength 
downshift) is referred to as an Anti-Stokes transition. For 
achieving a Stokes or an Anti-Stokes transition in a Raman la- 
ser, it has to be ensured that all center wavelengths X x , X 2 , 
. .., X a of the optical reflectors are within the Raman gain 
spectrum. The latter is determined by possible vibrational 
modes of Raman active fiber 20. 

To become more specific, pump radiation emitted by pump light 
source 12 is, during laser action, coupled into input section 
14 and propagates essentially unimpeded through input section* 
14 into intracavity section 18, where most of it will be con- 
verted by Raman scattering to a radiation with longer wave- 
length X x . This radiation with upshifted wavelength is then re- 
flected by Bragg grating 161 with center wavelength X 1 in the 
output section 16. This re-directed radiation of wavelength X l 
propagates back through Raman active fiber 20 where it is then 
substantially converted by Raman scattering to radiation having 
a wavelength X 2 . This radiation is now reflected by Bragg grat- 
ing 142 in input section 14. This process of wavelength conver- 
sion by Raman scattering continues until radiation with a wave- 
length X 5 is produced. This radiation is then available for 
utilization and may be coupled out of laser 10 via output 28. 

The above discussion of the laser action is highly simplified, 
since typically a photon will be reflected back and forth in 
each optical cavity before it undergoes Raman scattering that 



results in a photon of longer wavelength that then passes out 
of the cavity into the next optical cavity. 

Fig. 2 shows the energy transfer of the Raman cascade. In this 
schematical representation, subsequent energy transfer from 
pump radiation with wavelength X p to radiation of wavelength \ 
and then from radiation of wavelength * ± to (i.e. subsequent 

-Stokes lines) is indicated by broken arrows 301, 302, 305. 
As can be seen in Fig. 2, the wavelength shifts between differ- 
ent stages of the Raman cascade (subsequent Stokes lines) do 
not have necessarily to be equal. It should be noted that, due 
to the process of Raman scattering and optical losses in the 
optical fibers, the intensity at a wavelength X x is always 
smaller than the intensity at wavelength A, t _i- This means that 
at output 28 of laser 10 only a fraction of the optical power 
is available that has been coupled into input section 14 by 
pump source 12. 

In the laser schematically shown in Fig. l the center wave- 
lengths X lf X 2 , X 5 are chosen so that 

1A 5 = l/\ 4 + 1/X 3 - 1/^ . (i) 

This condition reflects energy conservation in the case of 
four-wave mixing. The zero-dispersion wavelength X 0 of Raman 
fiber 20 is chosen so that it substantially equals (X 3 + k 4 )/2 
(see Fig. 2). The latter condition will be referred to as the 
phase matching condition that is required for four-wave mixing 
to occur . 



17 

Alternatively, if the center wavelengths X ir X 2 , . .., A, 5 are 
chosen so that 

1/X 5 = - 1/X 3 (2) 

and the zero-dispersion wavelength A. 0 of Raman fiber 20 sub- 
stantially equals X 4 , thus corresponding to the last but one 
Stokes line, the energy conservation and the phase matching 
condition for three-wave mixing will be fulfilled. 

The effects of four- and three-wave mixing are explained in the 
following with reference to Figs. 3a, 3b, 4a and 4b. 

Four-wave mixing is a type of optical Kerr effect and occurs 
when light of three different wavelengths is launched into a 
fiber, giving rise to a new wave (known as an idler), the wave- 
length of which does not coincide with any of the others. 

Fig. 3a shows a simplified energy level diagram in which a 
ground state is designated by 4 0 and three excited states are 
designated by 42, 44 and 46, respectively. In the case of four- 
wave mixing, a first and a second pump photon with frequency co 3 
and co 4 , respectively, are absorbed, and a Stokes side band pho- 
ton of frequency co 5 and an anti-Stokes photon of frequency a> 2 
are created. 

Four-wave mixing occurs only if the following energy conserva- 
tion condition is fulfilled: 
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(D 5 = C0 4 + Q> 3 - Q) 2 (3) 

which corresponds to equation (1). 

In addition the interacting photons have to obey phase matching 
conditions . 

4 Fig. 3b schematically shows the effect of four-wave mixing in 
the wavelength domain. As can be seen, it is possible to gener- 
ate with two pump beams of wavelengths A. 3 and X 4 radiation with 
upshifted wavelength X 5 and downshifted wavelength X 2 . For the 
cascaded Raman laser 10 of Fig. 1 this effect means that an ad- 
ditional energy transfer takes place from radiation with wave- 
length X 4 and radiation of wavelength X 3 to the laser's emitting 
wavelength X 5 . In Fig. 2 this effect is illustrated by addi- 
tional arrows 50 and 52, shown in dotted lines. The additional 
energy transfer results in a more direct and faster energy 
transfer to the last Stokes line with emitting wavelength X 5 . 

Figs. 4a and 4b show similar schematic diagrams as in Figs. 3a 
and 3b. The diagram of Fig. 4a differs from that of Fig. 3a 
with respect to the energy levels of the excited states 62, 64 
and 66. The energy difference between excited states 62 and the 
ground state 60 is the same as the energy difference between 

* m # 

excited state 66 and excited state 64. This means that two pho- 
tons of identical energy (frequency co 4 ) can generate two other 
photons, one Stokes photon with lower energy co 5 and one Anti- 
Stokes photon with higher energy co 3 . This case of two identical 
pump photons is referred to as degenerated four-wave mixing or 
also as three-wave mixing. 



The energy conservation condition in this case is 

co 5 = 2co 4 - co 3 (4) 
which corresponds to equation (2). 

Figs. 5 and 6 show results of experiments in which the optical 
power for different wavelengths has been measured for different 
optical pump powers P ln for a conventional three stage cascaded 
Raman laser and for a three stage cascaded Raman laser accord- 
ing to the invention , respectively. As can be seen when compar- 
ing Figs. 5 and 6, substantial optical power is generated at 
lower wavelengths X 1 = 1326 nm and X 2 = 1415 nm approximately 
for the same optical pump power P ln . However, the last Stokes 
line (emitting line of the laser) corresponding to wavelength 
X 2 = 1516 nm is not excited in the conventional Raman laser for 
optical pump powers P in in the range up to 5 W. 

The new cascaded Raman laser exploiting three-wave mixing, to 
the contrary, allows the generation of the last Stokes line 
with wavelength X 3 = 1516 nm with an optical pump power thresh- 
old P th of only about 3 W. This is due to the additional energy 
transfer from the second to the third Stokes line by three-wave 
mixing. The new cascaded Raman laser thus allows to produce an 
output radiation with very low optical pump power thresholds. 

Fig. 7 shows a schematic representation of the Stokes lines in 
the frequency domain of another embodiment of a laser according 
to the invention. The wavelength selectors are chosen in this 
embodiment such that, in two first Stokes transitions indicated 
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commonly by 701, a pair PI of Stokes lines with frequencies ©, 
and © 2 are generated from pump radiation of frequency © . This 
pair PI of Stokes lines with frequencies ©, and © 2 then under- 
goes another Stokes transition indicated commonly by 702, re- 
sulting in a second pair P2 of Stokes lines with frequencies © 
and © 4 . in a further transition 703 a third pair P3 of Stokes 
lines with frequencies © 5 and © 6 is generated. 

In order to achieve an energy transfer assisted by four-wave 
mixing between adjacent pairs P2 and P3 of Stokes lines, the 
following energy conservation conditions have to be fulfilled: 

© 6 = © 4 + © 3 - ©! (5) 

and 



to 5 = © 4 + © 3 - © 2 ( 6 ) 



or, if written in the wavelength domain, 



l/\ 6 = 1/X 4 + 1/X 3 - 1/^ 

and 

1/X 5 = 1A 4 + 1/X 3 - 1/X 2 



respectively. The phase matching condition will be 
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The frequency differences of equations (5) and (6) are indi- 
cated in Fig. 7 by horizontal arrows . 

If these conditions are fulfilled, the energy transfer to the 
last two Stokes lines with frequencies co 5 and co 6 is assisted by 
four -wave mixing. In effect, two lasers as shown in Fig. 1 are 
thus combined in a single device, resulting in a cascaded Raman 
laser that may, for example, be configured such that it has not 
only one but two low-power outputs. 

Fig. 8 shows a schematic representation of the Stokes lines in 
the frequency domain of still another embodiment of a laser ac- 
cording to the invention. This embodiment differs from that 
shown in Fig. 7 in that three-wave mixing instead of four-wave 
mixing assists the Stokes transitions. 

Again, a pair PI of Stokes lines with frequencies <o 1 and © 2 are 
generated from pump radiation of wavelength co p in two first 
Stokes transitions indicated commonly by 801. This pair PI' of 
Stokes lines with frequencies co l and co 2 then undergoes another 
Stokes transition indicated by 802, resulting in a single 
Stokes line with frequency co 3 . In a further transition 803 a 
second pair P2 1 of Stokes lines with frequencies g> 4 and co 5 are 
generated. 

In order to achieve an energy transfer assisted by three-wave 
mixing the following energy conservation conditions have to be 
fulfilled: 
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CD 5 = 2(Q 3 - (D 1 (10) 



and 



co 4 = 2a>, - a) 



3 - a> 2 (11) 



or, if written in the wavelength domain , 



1/A. 5 = 2A 3 + 1/X X (12) 



and 



1/K = 2/^ - 1/X 



2 (13) 



respectively. The phase matching condition will be 



A, 0 - A, 3 . ( 14 ) 



Again the result is a cascaded Raman laser that allows to cou- 
ple out two stable low-power outputs. 



Claims 



A cascaded Raman laser comprising: 

a) a pump radiation source (12) emitting at a pump 
wavelength \ r 

b) an input section (14) and an output section (16) 
made of an optical medium, each section (14, 16) 
comprising wavelength selectors (141, 142, 145 
and 161, 162, 165) for wavelengths X lf X 2 , 

X n _ k , where n^3, \ < X x < X 2 < ...< A, n-1 < X n and 
^n-k+w K being k > 1 emitting wavelengths 

of the laser (10), and 

c) an intracavity section (18) that is made of a non- 
linear optical medium, has a zero-dispersion wave- 
length X 0 and is disposed between the input (14) and 
the output (16) section, 

characterized in that 

d) the wavelengths X x , X 2 , A, n _ k of the wavelength se- 
lectors (141, 142, 145 and 161, 162, 165) 
and the zero-dispersion wavelength A, 0 of the intra- 
cavity section (18) are chosen such that energy is 
transferred between radiation of different wave- 
lengths by multi-wave mixing. 
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3. 



4. 



The laser of claim 1, characterized in that at least one 
of the emitting wavelengths X a _ k+1 , X n _ MI . . . , K of the la- 
ser (10) is involved in multi-wave mixing. 

The laser of claim 1, characterized in that the wave- 
lengths X lf X 2 , . .., X n _ k of the wavelengths selectors (141, 

142 145 and 161 ' 162 > 165) are chosen so that 

energy transfer by multi-wave mixing . involves at least 
three adjacent wavelengths. 

The laser of claim 3, characterized in that the wave- 
lengths X 1 , X 2 , \ nl 0 f the wavelength selectors (141, 
142, 145 and 161, 162, 165) are chosen so that 

1/X, = l/X^ + 1 A w - l/X^ , 

where i = 3, 4, n , and that the zero-dispersion wave- 

length X 0 of the intracavity section (18) substantially 
equals (X^ + X L . 2 )/2. 



5. 



6. 



The laser of claim 3, characterized in that the wave- 
lengths X lr X 2 , x n . k of the wavelengths selectors (141, 
142, 145 and 161, 162, 165) are chosen so that 

1/X, = 2/X^ - l/X L _ 2 , 

where i = 3, 4,..., n , and that the zero-dispersion wave- 
length A. 0 of the intracavity section (18) substantially 
equals X^ . 

The laser of claim 1, characterized in that the wave- 
lengths X ir X 2 , x n . k of the wavelengths selectors (141, 



142, 145 and 161, 162, 165) are chosen so that 

energy transfer by multi-wave mixing involves at least 
three non-adjacent wavelengths • 

The laser of claim 6, characterized in that k = 2 and that 
the wavelengths A. x , X 2f X n _ 2 of the wavelengths selec- 

tors (141, 142, 145 and 161, 162, .../ 165) are cho- 

sen so that 

1/X ± = l/K-2 + - l/^i-s 

and 

where i = 5, 6, n, and that the zero-dispersion wave- 

length X 0 of the intracavity section (18) substantially 
equals (A, ± _ 2 + X t _ 3 )/2. 

The laser of claim 6, characterized in that k = 2 and that 
the wavelengths A, lf X 2 , , X n-1 of the wavelengths selec- 
tors (141, 142, , 145 and 161, 162, , 165) are cho- 
sen so that 

1/X t = 2/X^ 2 - l/A.t-4 

and 

= 2/^ 2 - l/A-i-3 , 

where i=5, 6, n, and that the zero-dispersion wave- 

length X 0 of the intracavity section (18) substantially 
equals X L _ 2 . 



The laser of claim 1, characterized in that for each emit- 
ting wavelength an additional wavelength selector (145, 
165) for wavelength \ n _ k+1 , X a . k+2r \ n , respectively, is 

provided in the input section (14) and in the output sec- 
tion ( 16 ) . 



The laser of claim 1, characterized in that the wavelength 
selectors are reflectors having center wavelengths X X 
* • • # A.«_i, • 
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Abstract 

A cascaded Raman laser (10) has a pump radiation source (12) 
emitting at a pump wavelength X pf an input section (14) and an 
output section (16) made of an optical medium. Each section 
(14, 16) comprises wavelength selectors (141, 142, . .., 145 and 
161, 162, .../ 165) for wavelengths X lf X 2 , . .., X n ^ f where 
n ^ 3, X p < X x < X 2 < . • • < X n _ l < X n and X^,^, X n _ k+2 , . . . , A, n 
being k >: 1 emitting wavelengths of the laser (10). The laser 
further comprises an intracavity section (18) that is made of a 
non-linear optical medium, has a zero-dispersion wavelength A, 0 

* 

and is disposed between the input (14) and the output (16) sec- \ 
tion. The wavelengths X lr X 2 , A. n-k of the wavelength, selec- 

tors (141, 142, 145 and 161, 162, 165) and the zero- 

i 

i 

dispersion wavelength A, 0 of the intracavity section (.18) are 
chosen such that energy is transferred between different wave- 
lengths by multi-wave mixing (Fig. 2). 
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